The anatomical structures in most phantoms are classified according to tissue properties rather than according to their detailed structures, because the tissue properties, not the detailed structures, are what is considered important. However, if a phantom does not have detailed structures, the phantom will be unreliable because different tissues can be regarded as the same. Thus, we produced the Visible Korean (VK) -phantoms with detailed structures (male, 583 structures; female, 459 structures) based on segmented images of the whole male body (interval, 1.0 mm; pixel size, 1.0 mm 2 ) and the whole female body (interval, 1.0 mm; pixel size, 1.0 mm 2 ), using house-developed software to analyze the text string and voxel information for each of the structures. The density of each structure in the VK-phantom was calculated based on Virtual Population and a publication of the International Commission on Radiological Protection. In the future, we will standardize the size of each structure in the VK-phantoms. If the VK-phantoms are standardized and the mass density of each structure is precisely known, researchers will be able to measure the exact absorption rate of electromagnetic radiation in specific organs and tissues of the whole body.
INTRODUCTION
To investigate the human body's absorption of electromagnetic ionizing and non-ionizing radiation generated by electronic and medical devices, various computational dosimetry phantoms of humans have been developed based on magnetic resonance imaging (MRI), computed tomography (CT) [1, 2] , sectioned images [3] [4] [5] [6] and hybrid images [7, 8] .
However, in most phantoms, detailed structures of the entire body cannot be shown due to the limited resolution of CT or MRI. Even the International Commission on Radiological Protection (ICRP) and Virtual Family reference phantoms (which were generated from various source images, including high-resolution sectioned images and hybrid images) contain only 137 structures and 103 structures for the whole human body, respectively [1, [9] [10] [11] . The reasons that detailed structures could not be shown in the phantoms were as follows. First, the structures in the source images were not segmented in detail, even though detailed structures could be observed in the source images. Second, the voxel size of the source images was too large (<2 mm 3 ), despite the source images with very small voxel size <0.2 mm 3 ). Third, an increase in the number of structures in the phantom resulted in a large file size, meaning that the phantom could not be examined on a personal computer. In particular, in the case of phantoms based on polygonal surface models, a huge file and an enormous number of polygonal surfaces were made, and consequently, the phantom could not be managed by researchers or workers for a commercial test.
Furthermore, in Virtual Population [11] , which contains the most well-known phantom data, phantom structures are classified only according to the tissue features based on the Gabriel List [12] , though this can lead to erroneous measurement results because tissues with identical features can be interpreted as different, and tissues with different features can be interpreted as being identical. For example, in the ICRP reference phantom, the densities of the esophagus, spinal cord, and trachea are identical [9, 13, 14] , but their tissue features differ: the esophagus is composed of muscle tissue, the spinal cord is composed of nerve tissue, and the trachea is composed of cartilaginous tissue. In the case of Virtual Population, the density of the cerebellum (nerve tissue), esophagus (muscle tissue) and urinary bladder (connective tissue) are considered to be identical [1] , but their tissue features differ.
The aim of the current study was to present the Visible Korean (VK) phantom with 583 (male) and 459 (female) structures with sufficient segmentation such that radiation energy absorption can be evaluated. Another aim was to develop methods for converting large-sized segmentation data into a phantom. To achieve these goals, phantoms of a precise shape and detailed structures were manufactured based on high-resolution, real-color sectioned images of the VK.
MATERIALS AND METHODS
In previous studies, 8590 sectioned images of a whole male body (intervals, 0.2 mm; pixel size, 0.2 mm 2 ; resolution, 3040 × 2008;
color depth, 24 bit color; file format, TIF) [15] and 4116 sectioned images of a whole female body [intervals, 0.2 mm (head to pelvis) or 1.0 mm (lower limb); pixel size, 0.1 mm 2 ; resolution, 5616 × 3744; color depth, 48 bit color; file format, BMP] [16] were produced. In the male and female images, real color and highresolution structures could be observed in the cross-sectional plane ( Fig. 1a and c; Table 1 ). We used the data of previous studies, which were for segmented images with 583 structures in the male body (resolution, 2468 × 1407; interval, 1 mm; pixel size, 0.2 mm 2 ) ( Table 2 ) [17] and segmented images with 171 structures in the female body (resolution, 5610 × 2300; interval, 1 mm; pixel size, 0.1 mm 2 ) (Table 3 ) [16] based on the sectioned images of a male and female. In this study, to make a female phantom containing more detailed structures, additional segmentation was performed as follows. First, to segment the sectioned images of the female, the selected structures were outlined using the Quick Selection Tool or the Magnetic Lasso Tool in Photoshop CC 2015 (Adobe Systems, Inc., San Jose, CA, USA). The inner areas of the outlines were filled with specific RGB colors and saved as the segmented images ( Fig. 1b and d ; Table 1 ) [18, 19] . Consequently, we also generated segmented images containing an additional 288 structures from the female sectioned images to generate a total of 459 structures (Table 3) . The pixel size of the segmented images (both male and female) was increased from 0.2 mm 2 (male) or 0.1 mm 2 (female) to 1 mm 2 (resolution of male, 493 × 281; resolution of female, 562 × 230). Consequently, the voxels of the segmented images became 1-mm 3 cubes, and the file size of the images decreased from 16.5 GB to 675 MB for males and from 59.2 GB to 608 MB for females (Table 1) .
To produce a phantom of TXT format, house-developed software (VK-phantom.jar) was designed using Java language on Eclipse Java IDE for web developers, Luna Service Release 1 (4.4.1). In the software, all voxel information (pixels, intervals, and RGB colors) of each structure in the segmented images could be converted into numerical data in TXT format.
After identification (ID) numbers were serially assigned to all segmented structures in the segmented images, the ID numbers and RGB values of segmented structures were recorded in data.xlsx (Fig. 2a) . The data.xlsx was converted into data.txt. When the segmented images of male and data.txt were opened on VK-phantom. jar, the x, y and z coordinates and RGB values were stored temporarily on a personal computer, and the RGB values in the segmented images were converted into ID numbers (Fig. 2b) . Finally, the x, y and z coordinates and ID numbers were saved as the VK-phantom male in TXT format. Voxel information for the male VK-phantom, including the x, y and z coordinates and ID number, are presented in a row (Fig. 2c) . The VK-phantom female (in TXT format) was generated from the segmented images of the female using the same methods.
To analyze the text string in the VK-phantom of TXT format, house-developed software (String_analysis.exe) was developed using C# language on Eclipse Java IDE for web developers, Luna Service Release 1 (4.4.1). Voxel information for the VK-phantom, including ID number and x, y and z coordinates, is presented in a row; consequently, the number of rows with identical ID numbers represents the voxel number of a structure (Fig. 2c) . After the VK-phantom male and female were opened on String_analysis.exe, the number of rows with identical ID numbers in the phantom was written in the window (Fig. 2d) .
Structures of the VK-phantoms were rearranged according to the structure list in Virtual Population. The voxel number of the rearranged structures in the VK-phantoms was multiplied by the structure density (g/mm 3 ) in Virtual Population [1, 4, 5, 12] to measure the weight of each structure (Tables 2 and 3 ). However, the densities of some rearranged structures did not follow those of Virtual Population (marked with superscripts 'a' and 'b' in Tables 2  and 3 ) because the densities reported in Virtual Population were not accurate. For example, in Virtual Population, the density of the cerebellum (1040 kg/m 3 ) is identical to that of the esophagus and urinary bladder.
RESULTS
From the segmented images based on the male sectioned images of a previous study [17] , reduced segmented images were prepared (intervals, 1.0 mm; pixel size, 1.0 mm 2 ), in which the 583 structures could be sorted by color ( Fig. 1b ; Table 1 ). The VK-phantom male was produced based on the reduced segmented images on which the x, y and z coordinates and structure ID numbers were marked (Fig. 2c ). In the VK-phantom male, fat was the heaviest structure (8231 g), followed by the lung (3641 g). The lightest structure was the sinoatrial nodal branch (0.01 g). The real weights of the phantom's actual person and the total weight of the phantom were 55 kg [15] and 58 kg, respectively (Table 2) . Similar to the VK-phantom male, the VK-phantom female was produced from the segmented images of the female, with 459 structures ( Fig. 1d ; Table 1 ). In the VK-phantom female, fat was the heaviest structure (29 666 g), followed by the skin (1714 g), femur (1684 g) and cranium without the mandible (1084.9 g). The female cranium was heavier than that of the male because the cranium in the phantom was an object, unlike several objects of male cranium ( Table 1 ). The lightest structure was the posterior commissure (0.01 g). The weights of the actual woman and total weight of the phantom were 52 kg [16] and 55 kg, respectively (Table 3 ).
All structures in the VK-phantom male and female were rearranged according to Virtual Population [1, 11, 20] and sorted mainly by tissue features. In the rearranged VK-phantom male, the muscles (22 780 g) and bones (13 317 g) were heavier than fat (8231 g) in the VK-phantom with 583 structures. In the case of the female, fat was the heaviest structure. Consequently, the VKphantom female was obese. In both the male and female VKphantoms, the eye (cornea) was the lightest structure (Table 4) .
Furthermore, the rearranged VK-phantoms were compared with the High-Definition Reference Korean Man (HDRK), Virtual Family and ICRP phantoms [1, 4, 5] . The weights of most structures in the four phantoms were similar. However, a few structures (skin, blood, fat and spleen) were very different. In particular, the skins of VK-phantom male and HDRK man were almost twice the weight, although the source images of the VK-phantom male and HDRK man were identical [15] . In the case of the spleen, the VKphantom's actual person had splenomegaly from leukemia. Therefore, the VK-phantom male's spleen was very heavy (1110 g) compared with that of other phantoms, but the HDRK man's spleen was light (177 g), even though the source images of the two Intervertebral disc (C II-C III) 1475 Intervertebral disc 1100 1.62
Intervertebral disc (C III-C IV) 1457 Intervertebral disc 1100 1.60
Intervertebral disc (C IV-C V) 1400 Intervertebral disc 1100 1.54
Intervertebral disc (C V-C VI) 1915 Intervertebral disc 1100 2.11
Intervertebral disc (C VI-C VII) 2464 Intervertebral disc 1100 2.71 Continued phantoms were also identical [15] . Regarding the total weight, the VK-phantom male and HDRK man were 58 kg and 68 kg, respectively (the actual man's weight was 55 kg). The source images of the VKphantom female and HDRK woman were identical, and the VKphantom and HDRK woman had similar weights, 55 kg and 52 kg, respectively (the actual woman's weight was 52 kg) ( Table 4) . Assigned to the most similar structures in the Virtual Population (2017) because there was no structure on the list. 
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DISCUSSION
Of all the source materials available for designing a phantom for virtually testing electromagnetic dosimetry, segmented images based on the sectioned images from the Visible Human Project (VHP) [21] , VK [15, 16, 22] , and Visible Chinese Human (VCH) [23] are most appropriate because detailed structures of the human body can be distinguished in real color (>24 bits color) and high resolution (< 0.2-mm 3 voxels), compared with CT and MRI [3] [4] [5] [6] . However, other Assigned to the most similar structure(s) in Virtual Population (2017) because there was no such structure on that list.
researchers have not been able to produce phantoms based on the original properties of the source materials, even when high-resolution sectioned images were used [3-6, 8, 24, 25] . In this study, we aimed to produce a VK-phantom male and female with properties closely resembling the original properties of the source materials (Table 1) . Tissues with different features should be distinguishable in detail in a phantom. In a phantom study, classification by tissue features rather than detailed structures is important. However, if a phantom does not have detailed structure, the phantom is unreliable because different tissues can be regarded as the same. In other phantom studies, including Virtual Family and ICRP publications, the muscles and their surrounding structures in the upper and lower limbs were not differentiated, although they are different tissues. In the orbit, the small vessels are not distinguished, although radiation can have differentially damaging effects on the various small vessels. In addition, many structures were not differentiated in other studies [1, 4, 5, 7, 14] . Therefore, in this study, a VK-phantom male with 583 structures and a VK-phantom female with 459 structures were constructed, and both were determined to be reliable in terms of their detailed structures (Tables 1-3) .
Even tissues with identical features should be differentiated in a phantom, as well as tissues with different features. In dosimetry study on the possible effects of radiofrequency fields, particularly given the popularity of mobile phone use, the cerebrum is considered a very important organ in terms of identifying any possible associations between radiofrequency electromagnetic fields, including those from mobile phones, and brain tumors [26, 27] . To investigate such possible associations, the area exposed to these fields must be precisely determined, and a exact structure name area must be noted. In earlier studies, the cerebrum was regarded as comprising only two tissues: gray and white matter [1, [3] [4] [5] 20] . Therefore, we used VK-phantoms in which the cerebrum was divided along each gyrus (Tables 2, 3 ) [18, 22] , and the absorption of each area was described and measured quantitatively. Furthermore, in most phantoms, accurate anatomical terms have not been used, even though this can result in incorrect descriptions of tissue features in the phantom, rendering the phantoms unreliable. For example, in some studies, the authors have referred to the thyroid, but it is unclear whether the tissue being referred to is the thyroid gland or the thyroid cartilage (Table 4) [1, [4] [5] [6] . Official terminology from Terminologia Anatomica should be used [28] , as in this study (Tables 2, 3) .
The tissue density of Virtual Population [11] is the most reliable of all the phantom studies. Nevertheless, some of the Virtual Population densities are unreliable. The density of the small intestine (1030 kg/m 3 ) is between that of the bone marrow (red) (1029 kg/m 3 ) and eye (sclera) (1032 kg/m 3 ), although they are very different tissues; the small intestine consists of a mucous membrane, smooth muscle, vessels, and connective tissue, whereas the bone marrow (red) and eye (sclera) have densities similar to the blood and mucous membrane, respectively. The densities of the brain (gray matter), prostate, and seminal vesicles were identical (1045 kg/m 3 ), even though the tissue features of the structures are not identical. The density of the blood vessel wall, bronchi, and penis were identical (1102 kg/m 3 ), although the blood vessel wall, bronchi, and penis consist of smooth muscles with various connective tissues, cartilage with some smooth muscle, and blood in various connective tissues, respectively. In addition, in ICRP and HDRK [1, 4, 5] , the density of each structure was not normal. Therefore, the densities of some structures were rearranged based on Virtual Population (marked with a superscript 'a' on Tables 2, 3) .
Although the densities of the structures were rearranged or newly assigned, they were not accurate, because 104 tissue densities noted in Virtual Population could not be assigned to the 583 structures of the VK-phantom male and the 459 structures of the VKphantom female. Therefore, in the near future, the densities of all detailed structures will need to be measured.
The voxel size of a phantom with detailed structures should definitely be small enough to accurately measure the effects of electromagnetic radiation. In the case of the VHP female phantom (voxel size, 6 × 6 × 6 mm 3 ) [3] ). In the case of the HDRK man [5] and the HDRK woman [4] , phantoms of 2-mm 3 -sized voxels were made, even though the source images had 0.2-mm 3 -sized voxels [15] [16] [17] . In our preliminary test, we generated a phantom of the whole body (file size, 500 GB) from images of the original voxel size (0.2 mm 3 ); consequently, the phantom could never be analyzed on a personal computer. Therefore, we constructed phantoms with 1-mm 3 -sized voxels, which is notably smaller than the voxel size of the phantoms described previously. As a result, very small structures could be observed in the VK-phantoms (e.g. sinu-atrial nodal branch, six voxels and 0.006 g; Table 1 ).
In the most recent studies, voxel phantoms are made of polygonal surface models based on MRI, CT, or sectioned images because polygonal surface models have several merits [1, [3] [4] [5] 20] . However, a VK-phantom male could never be made using polygonal surface modeling for the following reasons. First, a phantom with 583 structures comprises many polygons, even if it is based on low-resolution images (voxel size, >1-mm 3 ); consequently, the phantom could not be handled on a personal computer, even if the newest hardware and software were used. Second, polygonal surface models are deficient in that all of the information from the source images is not incorporated. When pixels of segmented images are reconstructed into polygonal surface models, the outer shapes of the models are smoothed. When polygonal surface models are converted into voxel models, the outer edges of the models are angulated. Because of the smoothing and angulating procedures, voxel information from the source images is lost [20] . Therefore, in this study, segmented images (1-mm 3 -sized voxels) were converted directly into voxel models (VK-phantoms) in TXT format using house-developed software (VK-phantom.jar), without polygonal surface models.
Please note, voxel information in the VK-phantoms cannot be analyzed using commercial software for a virtual radiation test, because the dataset for a VK-phantom with a 1-mm 3 -sized voxel is~1 GB or more in size. Consequently, house-developed software (String_analysis.exe) was designed to analyze voxel information in the phantom.
In this study, a 583-structure VK-phantom male and a 459-structure VK-phantom female were constructed. In the VK-phantoms, voxel information of the whole body could be analyzed in detail (Tables 2, 3) by virtue of accurate segmentation, detailed structures, and small voxel size [15] [16] [17] [18] . We continue to make new segmented images with new structures from the high-resolution sectioned images of VK. However, the new segmented images cannot be reconstructed into voxel models via polygonal surface modeling on even the newest personal computer. Therefore, future work will focus on converting convenient polygonal surface models into voxel models. For this work, improved surface modeling methods based on the segmented images [29] will be developed. Furthermore, the size of each structure in the VK-phantoms should be standardized. If the VK-phantoms are standardized and the mass density of each structure is precise, researchers will be able to measure the exact absorption in specific organs and tissues in the whole body. The segmented images and the house-developed software described in this study are distributed free of charge at neuroanatomy.kr even though most phantoms, including Virtual Population, are not free.
